ZHANG, M., VOGEL, H.J., and ZWIERS, H. 1994. Nuclear magnetic resonance studies of the structure of B50/ neuromodulin and its interaction with calmodulin. Biochem. Cell Biol. 72: 109-116. B5O/neuromodulin is a neuronal phosphoprotein that is found in association with the inner membrane of nerve cells. In this work, we have studied the structure of bovine B50 in aqueous solution (pH 7.5) by 'H nuclear magnetic resonance (NMR) spectroscopy and our results indicate that B50 is an unstructured protein under these conditions. One-dimensional 'H-NMR titration studies of the interaction between B50 and calmodulin (CaM) have shown that B50 does not interact with (or) interacts very weakly with apo-CaM in solution; neither does B50 interact with c a 2 + -c a~. These NMR data are consistent with an earlier observation that B50 is not capable of binding apoCaM in vitro unless some nonionic detergent is present. We have also detected aromatic NMR peaks for a new posttranslational modification that might involve the His residues of the protein. The interaction of a 14-residue peptide (138-L51) encompassing the CaM-binding domain of B50 with CaM was also studied by NMR. We have found from two-dimensional transferred nuclear Overhauser enhancement experiments that the B50 peptide binds weakly to apo-CaM in an a-helical conformation; the a-helix appears to be induced by the binding of the peptide to apo-CaM.
Introduction
B50, also known as neuromodulin, is a 226-239 amino acid neuronal phosphoprotein. It has an apparent molecular mass of 43-67 kDa on SDS-PAGE, but an actual molecular mass of 24-25 kDa as determined by chemical or cDNA sequencing (for reviews, see Liu and Storm 1990; . Depending on the species, the protein has a slightly different length; the bovine protein that we have studied here contains 239 amino acid residues. Dramatic increases in the concentration of this protein have been con-ABBREVIATIONS: NMR, nuclear magnetic resonance; CaM, calmodulin; kDa, kilodaltons; SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis; CD, circular dichroism; NOE, nuclear Overhauser enhancement; HPLC, high performance liquid chromatography; dp-B50, dephosphorylated B50; TFE, trifluoroethanol; TRNOE, transferred NOE; NOESY, NOE spectroscopy; TOCSY, total correlated spectroscopy.
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Printed in Canada 1 Imprim6 au Canada sistently associated with neuronal growth and plasticity, as well as successful axonal regeneration (for a review, see Skene 1989) . Located almost exclusively to the cytoplasmic face of the neuronal plasma membrane, B50 is a highly acidic (PI 4.5) membrane-associated protein that requires extraction with nonionic detergent (Alexander et al. 1987) or alkali i n the initial stages of its purification. The protein contains a single site (Ser41) that can be phosphorylated in vitro by either protein kinase C (Coggins and Zwiers 1989; Ape1 et al. 1990) or phosphorylase kinase (Paudel et al. 1993) . Experiments performed using cultured cells indicate that there may be additional phosphorylation sites in vivo (Spencer e t al. 1992) . The protein has an unusual amino acid composition; for example, it contains one Phe and three His as the only aromatic amino acids. Hydrodynamic and CD studies of B50 indicate that it has an elongated shape with little secondary structure (Masure et al. 1986 ). Biochem. Cell Biol. Downloaded from www.nrcresearchpress.com by University of Laval on 07/11/14
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Unlike the majority of CaM-binding proteins, B50 has been shown to bind to apo-CaM with a higher affinity than to c a 2 + -c a~ (Alexander et al. 1987) . The CaM-binding domain of B50 has been localized to the N-terminal end of the protein. A peptide encompassing amino acid residues 39-55 was found to bind to CaM with a similar affinity as intact B50 protein in the absence of c a 2 + (Alexander et al. 1988) . The higher affinity of B50 for apo-CaM and the high cellular concentration of B50 led Liu and Storm (1990) to propose that the function of B50 in the cell is to sequester CaM in the vicinity of CaM-activated enzymes under conditions of low intracellular c a 2 + concentration. An increase of the intracellular c a 2 + concentration in a stimulated cell would cause the release of CaM from B50. Phosphorylation of Ser41 abolishes the binding of B50 to CaM (Ape1 et al. 1990) , suggesting that the activation of protein kinase C may also lead to the release of CaM from B50. B50 can also interact with acidic phospholipids, and the phospholipidbinding site overlaps with the CaM-binding site on B50 . (Houbre et al. 1991) , suggesting that the interaction between B50 and CaM mainly relies on electrostatic interactions between the acidic residues on the surface of CaM and the basic residues in the CaM-binding region of B50. The predominance of electrostatic interactions is unusual, since in the majority of cases hydrophobic interactions provide the main driving force for the binding when CaM interacts with target enzymes such as myosin light chain kinases (Ikura et al. 1992; Meador et al. 1992 ) and nitric oxide synthase (Zhang and Vogel 1 9 9 4~) .
In the present work, we have studied the secondary structure of B50 by means of CD and NMR spectroscopy. The possible interaction of B50 with CaM in the absence of KC1 has also been investigated by titrating B50 with CaM. Furthermore, the interaction of CaM with a synthetic peptide encompassing the CaM-binding domain of B50 was characterized by CD and NMR, and the CaM-bound structure of the B50 peptide was determined by two-dimensional transferred NOE NMR spectroscopy. This CaM-bound structure was compared with the structure of the peptide in solution.
Materials and methods
Batches (-5 mg) of bovine B50 were purified by alkali extraction and heat treatment of a bovine brain particulate fraction as previously described (Coggins and Zwiers 1989) . The crude protein extract was purified by HPLC and the mixture of dp-B5O and dP-50 was further purified by CaM-Sepharose affinity chromatography as previously described (Coggins and Zwiers 1990) . After a final round of reverse-phase HPLC, the pure dp-B5O was lyophilized several times in H 2 0 and stored dry at -80°C prior to use. The protein was >99% pure as judged by the absence of other bands on an overloaded gel stained with silver stain. Moreover, no evidence for any contaminants were found during amino acid sequencing of the protein. The protein concentration of each subsequent batch was measured by a combination of quantitative amino acid analysis and A,,, of previous quantified B50 standards. Bovine CaM was expressed in and purified from Escherichia coli as previously described . Apo-CaM was obtained by passing a CaM sample through a Chelex-100 column (20 X 1 cm) equilibrated with 100 mM NH,HCO, (pH 8.0).
A 14-residue peptide (NH,-IQASFRGHITRKKL-COOH)
encompassing the CaM-binding domain of B50 was obtained commercially from the peptide synthesis facility at the University of Alberta, Edmonton. The purity of the peptide was greater than 95% as judged by amino acid analysis and HPLC. CD spectroscopy CD spectroscopy was performed on a Jasco 5-500 spectropolarimeter using a cell path length of 1 mm at 20°C. CD spectra of the B50 peptide with different amounts of TFE were obtained using a 15-pM sample of the peptide in 5 mM citric acid buffer (pH 5.0); and CD spectra of CaM and the CaM-peptide complex (1 :1) were measured using 11 pM CaM in 5 mM Tris buffer (pH 7.5) with either 0.5 mM ca2+ or 2 mM EDTA. Two samples of the intact B50 protein in 5 mM Tris buffer (pH 7.5) with and without 0.5% (vlv) Lubrol detergent were also studied by CD spectroscopy.
Sample preparations for NMR experiments
For NMR studies of the peptide in aqueous solution, two samples, one in 90% H20 -10% D20 and the other in 99.9% D20, were prepared. The concentration of the peptide was about 4 mM.
The pH of the samples was adjusted by the addition of the appropriate amounts of diluted KOD or DCl. All the reported pH values were direct readings from the pH meter. The samples for the TRNOE experiments were prepared by adding aliquots of a 1.5 mM apo-CaM stock solution to the samples described above. The pH titration of B50 was performed in D20; about 3 mg of B50 was dissolved in 400 pL of D20 and the pH of the sample was adjusted by KOD and DCl. No salt was added in the B50 solution.
NMR spectroscopy
All the NMR spectra were acquired on a Bruker AMXSOO spectrometer equipped with a 5-mm inverse detection probe head. For the titration of B50 with apo-CaM, 3 mg of B50 was dissolved in 400 pL of D20 (pH 7.5) and the solution was titrated with a 1.5 mM apo-CaM stock solution at the same pH. No salt was added in either of the samples to promote conditions for detecting the interactions between these two proteins (see below). NOESY (Bodenhausen et al. 1984) and TOCSY (Bax and Davis 1985) spectra were recorded for B50 both in H,O (pH 7.0) and D,O (pH 7.5) at 25"C, with mixing times of 300 ms for the NOESY and 60 ms for the TOCSY, respectively. The NMR spectra of the B50 peptide and the CaM-peptide complex were recorded at 5°C. TOCSY (80 ms mixing time) and NOESY (300 ms mixing time) spectra were recorded for the B50 peptide samples both in H20 and D20.
For all of the one-dimensional 'H-NMR experiments, a sweep width of 6000 Hz with 16K data points was used. The twodimensional 'H-NMR spectra were recorded in the phase-sensitive mode, which was obtained by the time-proportional phase increment technique. Typically, each two-dimensional spectrum contains 512 free induction decays covering a 5500-Hz sweep width with 2K data points in the F2 dimension. For spectra recorded in H20, a weak selective presaturation pulse was applied to suppress the H 2 0 signal. All of the spectra were processed on an X32 computer using the Bruker UXNMR software package. For twodimensional spectra, one-time zero filling was applied in F1 and a sine-squared window function with a 60' phase shift was applied before Fourier transformation.
Results

Structural characterization of B50
One-and two-dimensional 'H-NMR spectroscopic techniques were used to investigate the structure of B50 in solution. Figure 1 shows a one-dimensional 'H-NMR spectrum of B50 acquired in D 2 0 (pD 7.5). It is obvious that there is very little chemical shift dispersion in the aliphatic region of the NMR spectrum. A two-dimensional NOESY spectrum of B50 in H 2 0 showed that no dNN(i,i+ 1) NOE cross-peaks could be observed, indicating that B50 does not have any regular a-helical structure. The C D spectrum of B50 in 5 rnM Tris buffer gave a typical random coil spectrum for the protein (data not shown). The addition of the detergent Biochem. Cell Biol. Downloaded from www.nrcresearchpress.com by University of Laval on 07/11/14
For personal use only. Lubrol up to 0.5% (wlv) induced no changes in the CD spectrum (data not shown). All of the results described above suggest that B50 does not have a substantial amount of regular secondary structure in solution. To be specific, we could find no evidence for the presence of any P-sheet structures in the protein that had been suggested by Masure et al. (1986) . There were no downfield shifted a-protons in the 'H-NMR spectrum (Fig. 1) ; this is a very sensitive parameter for the presence of P-sheet structure in proteins (Wishart et al. 1991; Spera and Bax 1991) .
Bovine B50 contains three His and only one other aromatic residue, Phe. However, the absorption coefficient at 280 nm for the protein was much higher than could be accounted for by one Phe residue (data not shown; Masure et al. 1986 ), indicating that the protein contains chromophore(s) other than Phe. Furthermore, the aromatic region of the 'H-NMR spectrum of B50 was more complicated than could be accounted for by just three His and one Phe (Fig. 1) . The TOCSY spectrum of B50 in D,O shows that there were at least five extra resonances in the aromatic region of the spectrum (Fig. 2) . Most of these five resonances were coupled with each other, suggesting that the protein may contain heteroaromatic rings that result from posttranslational modification. pH titration of the protein showed that the three His residues had pK, values of 6.7, 6.6, and 6.6, respectively (Fig. 3) , and the resonance at the lowest field (designated peak A in Fig. 1 ) was also titratable and had a pK, of 7.7. The pH titration behaviour of peak A was very similar to that of the His residues in the protein, indicating that there may be modified His residues in the protein. Indeed the integration of the His residues in 'H-NMR spectrum (Fig. 1) indicates that the area for the His residues is less than three protons. However, further biochemical characterization is needed to identify the final structure of this posttranslational modification. " Titration of B50 with apo-CaM up to a 1:l ratio did not induce observable changes in the B50 spectrum and there P P In 7:6 7i4 7.2 7.0 6.8 
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o Peak A His2 and His3   FIG. 3 . pH titration curves of the three His residues and peak A in B50. The drawn curves represent the best fit to the data.
were no appreciable changes in the apo-CaM spectrum (Fig. 4) . It has also been shown by CaM affinity chromatography that B50 will not bind to CaM unless some neutral detergent such as Lubrol is included in the buffer (Coggins and Zwiers 1994) . Thus, we concluded that the interaction between B50 and apo-CaM in pure water solution is very weak or not present. As expected, B50 did not interact with c a 2 + -c a~, as the 'H-NMR spectrum of B~O -C~~+ -CaM (1:l) simply equaled the sum of the 'H-NMR spectra of the two separate proteins (Fig. 4) .
Interaction of the B.50 peptide with CUM
Since B50 interacts at best only weakly with apo-CaM in pure water solution, it is important to establish whether the reported CaM-binding domain of B50 will bind at all to CaM. Fluorescence spectroscopy has been used to show that Biochem. Cell Biol. Downloaded from www.nrcresearchpress.com by University of Laval on 07/11/14
For personal use only. Competition experiments of this Trp-substituted peptide with the native peptide showed that the native peptide had a weaker affinity of ~4 . 2 FM for apo-CaM (Alexander et al. 1988) . In this study, we used a similar native peptide (138-L51) to study the interaction with CaM.
The TRNOE method is very useful for determining the structure of small, protein-bound peptides (Campbell and Sykes 1993) . Figure 5 shows that the B50 peptide indeed binds to apo-CaM. The B50 peptide alone in solution had very weak NOE cross-peaks because of its short correlation time (T,), and at this specific pH (pH 6.4) no NHINH NOE cross-peaks could be observed (Fig. 5A ). The addition of apo-CaM at a 1:25 molar ratio induced a significant change in the NOESY spectrum of the peptide. The intensity of the NHIside-chain NOE cross-peaks increased significantly and several dNN(i,i+ 1) NOE cross-peaks were also observed (Fig. 5B) . The stronger NOE cross-peaks in Fig. 5B resulted from the magnetization transfer from the CaM-bound peptide to the free peptide in the solution, since the CaM-bound peptide had a much longer T, compared with the free peptide. These results shown in Fig. 5 clearly indicate that the CaMbound and free B50 peptides are exchanging at a fast to intermediate rate. This binding is specific for apo-CaM, since addition of ca2+-cakI to the B50 peptide solution had no effect on the NOESY spectrum of the peptide (data not shown).
It is possible to determine the CaM-bound structure of the B50 peptide by the transferred NOE technique based on Fig. 5 .
We performed the experiments at two different pH values (6.4 and 6.0) to partially resolve some resonance overlap in the amide region. The TOCSY spectrum of the peptide in H 2 0 was used to assign the spin systems of the amino acid residues and NOESY experiments in H,O served to trace out the sequential connectivities of the peptide. Figure 6A shows the fingerprint region of the B50 peptide in the presence of 1:25 molar ratio of apo-CaM at pH 6.0 and the sequential assignment is indicated for the individual amino acid residues. Table 1 gives a list of the chemical shifts of the peptide at pH 6.0 as derived from the TRNOE experiment. Figure 6B presents the amide region of the NOESY spectrum at pH 6.0; several sequential amide NOE cross-peaks could be observed. In addition to the NOE peaks in Fig. 6B , we observed dNN(i,i+ 1) NOE cross-peaks from Ser4 to Phe5 and Phe5 to Arg6 for the same peptide-CaM mixture at pH 6.4. TRNOE experiments on the B50 peptide and apoCaM mixture in D,O were used to find medium range NOE connectivities, and several daP(i,i+3) NOE cross-peaks were detected. Figure 7 gives the summary of the NOE pattern for the B50 peptide that was derived from the TRNOE experiments; the observed NOE pattern suggests that the B50 peptide binds to apo-CaM with an a-helical conformation. The a-helix of the CaM-bound B50 peptide runs from Ala3 to Leul4. The CD spectrum of the apo-CaM-peptide (1:l) complex shows very subtle differences from that of apo-CaM (data not shown). This has also been seen for the CaMbinding peptide from caldesmon, which also binds relatively weakly to CaM (Zhang and Vogel 1994b NOESY spectrum. and binds to CaM in the same a-helical conformation, which is more stable (Zhang and Vogel 1994a) . Here we also studied the conformation of the free B50 peptide in solution by under these conditions. The above results suggest that the NMR. As we pointed out in Fig. 5A, no dNN(i,i+ 1) NOE peptide adopts a random coil structure in water. The addition cross-peaks of the free peptide were seen in H,O at pH 6.4.
of the a-helix promoting solvent TFE up to 25% (vlv) did not However, when the pH of the sample was lowered to 5.0 provide any additional NOE connectivities (data not shown), and a long mixing time (e.g., 300 ms) was used in the reinforcing the notion that the peptide in solution adopts a NOESY experiment, we observed some weak NOE crossrandom coil structure. CD spectra also indicated that there peaks in the amide region (Fig. 8) . The pattern of the is no detectable a-helical structure for the peptide in water dNN(i,i+ 1) NOE for the free peptide was the same as that solution, which is common for a short linear peptide (data not for the peptide derived from TRNOE experiments. However, shown). The addition of TFE up to 50% also did not induce no medium range dap(i,i+3) NOES, which are diagnostic for appreciable changes in the CD spectra of the peptide (data a-helical turns, were found for the peptide in D 2 0 solution not shown).
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Discussion
In this work, we characterized the structure of B50 and studied the interaction of the protein with CaM in aqueous solution. In agreement with a previous study (Masure et al. 1986 ), B50 appears to be a largely unstructured protein without any significant amount of regular secondary structure, as indicated by NMR and CD spectroscopy. However, this in vitro situation does not have to be directly related to the situation in vivo, since B50 is a membrane-associated protein and the lipid-rich environment may induce a well-defined structure that is quite different from the one seen in vitro. When the interaction of B50 with CaM was studied by NMR spectroscopy, our data showed that B.50 interacts only weakly with apo-CaM in pure water, since titration of B50 with apo-CaM did not induce observable spectral changes for both proteins. This result is consistent with the observation that B50 will only bind to a CaM-Sepharose column, provided that a neutral detergent such as Lubrol as well as EDTA are included in the buffer (Coggins and Zwiers 1994) . The localization of B50 at the cytosolic side of neuronal membranes (i.e., a lipid-rich environment) would be in line with our in vitro observations, indicating that the interaction of B50 and CaM only occurs under special conditions such as the presence of lipids. However, our data do not exclude the possibility that the interaction between B50 and apo- CaM induces very subtle structural changes on both proteins, but these do not give rise to appreciable spectral changes. The latter possibility seems unlikely, since CaM can induce the formation of an a-helical structure for the CaM-binding domain peptide of B50 (Fig. 5) . As expected, no evidence for interactions between intact B50 and Ca2+-CaM was obtained (Fig. 4) .
The additional resonances that were observed in the aromatic region of the 'H-NMR spectrum of B50 (Fig. 2) are likely due to a posttranslational modification of the protein.
It is highly unlikely that these resonances represent impurities carried over from the purification, since these resonances survive through several cycles of HPLC purification of the protein, and all the chemicals used during purification were checked by NMR and proven to have no relation to these peaks. To date, three posttranslational modifications, i.e., Biochem. Cell Biol. Downloaded from www.nrcresearchpress.com by University of Laval on 07/11/14
palmitylation (Skene and Virag 1989; Chapman et al. 1992) , ADP-ribosylation (Coggins et al. 1993) , and phosphorylation (Coggins and Zwiers 1989) , were identified in B50. It is obvious that phosphorylation would not introduce any additional protons into the protein. ADP-ribosylation will introduce two additional protons in the aromatic region of the protein spectrum recorded in D20; however, the chemical shifts, coupling patterns, and the number of protons of ADPribose (McDonald et al. 1992) clearly indicate that these additional resonances in B50 do not result from ADPribosylation. We have also compared the 'H-NMR spectra of B50 with palmitate and other fatty acids; the results have shown that the additional resonances in B50 do not originate from such compounds (spectra not shown). Thus, we conclude that the additional resonances that we have observed in B50 have no correlation with the known posttranslational modifications identified earlier.
The titration behavior of peak A is extremely similar to that of the His residues in the protein, except that it has a higher pK, (Fig. 3) which can be the result from a modification of His residues. Peak A also correlates with a peak that is close to the H4's of the other His residues in the TOCSY spectrum (Fig. 2) , although the coupling pattern of peak A is clearly more complicated. Most importantly, for a freshly dissolved B50 sample in D,O, the area of the H2 protons from the His residues is smaller than three protons, while the area summation of peak A and the H2 protons from His roughly equals three protons. Based on the above data, we believe that peak A and its coupling partners result from posttranslationally modified His residues. If these resonances indeed represent modified His residues, then different levels of the modification have occurred in the protein since His3 has the lowest peak intensity among the three His residues. We have observed that B60, which is a fragment of B50 from residue 41 to 239 (Coggins and Zwiers 1990) , also has a peak similar to A, indicating that this modification is not specific for the His32 residue in the N-terminal part of B50. It seems that this modified His is heat and acid labile, since it does not survive through amino acid analysis reactions. However, we have not been able to match any currently known posttranslational modified His residues (Graves et al. 1994 ) with the one observed in this work. Hence, we may be dealing with a new posttranslational modification reaction of His residues. Further characterization is needed to identify these modified His residues.
The interaction of the CaM-binding domain of B50 with CaM was investigated by two-dimensional 'H-NMR spectroscopy. In agreement with a previous study (Alexander et al. 1988) , the B50 peptide showed very little interaction with ca2+ -c~M, and the interaction between the B50 peptide and apo-CaM was much weaker compared with the CaM-binding domains from other CaM-dependent enzymes such as myosin light chain kinase; the latter binds with a K, in the nanomolar range. The fast-to-intermediate exchange between the CaMbound and free B50 peptide in solution allowed us to determine the CaM-bound structure of the B50 peptide by the two-dimensional TRNOE NMR technique. The results showed that the B50 peptide binds to apo-CaM in an a-helical conformation. This a-helical structure is induced by the binding of apo-CaM, since the B50 peptide alone has a random coil structure in H20. Although the B50 peptide binds to CaM with an a-helical structure like most other CaM-binding peptides (O'Neil and Degrado 1990; Ikura et al. 1992; Vogel 1994a, 1994b) , a helical wheel analysis of the B50 peptide (Chapman et al. 1991) has shown that this helix does not have the amphiphilic property which is characteristic of most CaM-binding peptides (O'Neil and DeGrado 1990) . Thus it seems that the B50 peptide interacts with Bpo-CaM in a distinct manner compared with other c a 2 + -c a~ -target enzyme complexes. Previous studies of the interaction of B50 or its CaM-binding domain with CaM have shown that acidic phospholipids bind to the CaM-binding region on B50 and that the binding of phospholipids prevents CaM from binding to B50 (Houbre et al. 1991) . Furthermore, the introduction of a negative charge(s) at position 41 either by phosphorylation (Alexander et al. 1987; Apel et al. 1990) or by site-directed mutagenesis (Chapman et al. 1991 ) also results in the dissociation of B50 from apo-CaM; likewise, the affinity of the B50 peptide for CaM can be significantly reduced by increasing the ionic strength (Chapman et al. 1991) . These data strongly suggest that electrostatic interactions, which occur between the positive charge clusters on the B50 peptide and the negative charges on apo-CaM, contributes the main binding energy; the hydrophobic interactions of Phe42 with residue(s) from CaM can also be important (Chapman et al. 1991) . The predominance of electrostatic interactions could be the reason that B50 only binds to apo-CaM, since the binding of c a 2 + to CaM may induce the redistribution of the negative charges on CaM, as well as the neutralization of negative charges by four double positively charged ca2' ions.
